, and as the disease progresses SHPT is associated with systemic consequences, termed CKD-mineral and bone disorder. Currently, cinacalcet is indicated for the treatment of SHPT; however, cinacalcet is associated with upper gastrointestinal adverse events. Evocalcet has been developed to address these issues, but the long-term safety and efficacy of evocalcet need to be evaluated. To more accurately reflect clinical practice, this phase 3, multicenter, open-label study was specifically designed without a cinacalcet washout period, and focused on those patients who switched from cinacalcet to evocalcet. A total of 137 SHPT patients undergoing hemodialysis were enrolled, of whom 113 switched from cinacalcet to evocalcet. The most frequent type of adverse drug reaction was decreased adjusted calcium. The incidence of gastrointestinal-related adverse events did not increase in a dose-dependent manner as the dose of evocalcet was increased. The percentage of patients achieving the target intact parathyroid hormone concentration increased from 40.9% to 72.3% with 52-week treatment. The corrected serum calcium and phosphorus levels remained largely unchanged throughout the study. The long-term safety and efficacy of evocalcet was confirmed using a clinically relevant intra-subject doseadjustment strategy in SHPT patients undergoing hemodialysis.
1
. SHPT is a maladaptive response triggered by hypocalcemia, hyperphosphatemia, and active vitamin D deficiency, which in turn causes parathyroid cells to overproduce parathyroid hormone (PTH) 2 . Excess levels of PTH are associated with systemic toxicity, known as CKD-mineral and bone disorder, which represents the cardiovascular and bone diseases 2, 3 . SHPT has typically been treated with the active form of vitamin D to reduce PTH levels; however, this type of treatment has been associated with elevations in serum calcium levels, causing arterial calcification 2 . Cinacalcet, a type of calcimimetic agent, was developed to interact with calcium-sensing receptors (CaSR) as a positive allosteric modulator to suppress PTH secretion [4] [5] [6] . In addition to controlling PTH secretion, cinacalcet has been demonstrated to be useful for improving mortality risk and cardiovascular outcomes in clinical research 7, 8 . While cinacalcet is an effective agent for the treatment of HD patients with SHPT, it is commonly associated with gastrointestinal (GI) symptoms that cause poor drug adherence and treatment discontinuation 9, 10 . Moreover, even in patients who continue therapy, these adverse events can result in inadequate dosages of cinacalcet being administered.
Evocalcet is a novel calcimimetic developed as an equally efficacious, but more tolerable, alternative to the currently available calcimimetics for SHPT patients. In pre-clinical studies, evocalcet demonstrated efficacy in 1 (2019) 9:6410 | https://doi.org/10.1038/s41598-019-42017-z www.nature.com/scientificreports www.nature.com/scientificreports/ suppressing serum levels of PTH and with less-marked effects on the GI tract in animals 11 . Previous clinical trials have highlighted the dose-response relationship of evocalcet (from 1 to 12 mg) and safety in HD patients 12, 13 . More recently, a 30-week phase 3 study indicated that 1-8 mg of evocalcet was non-inferior to cinacalcet, with approximately 70% of patients showing improvement in intact PTH (iPTH) levels while also reporting fewer GI adverse events 14 . These results were not inferior to the guidelines set by The Japanese Society for Dialysis Therapy (JSDT) for the management of SHPT in HD patients 15 .
The current 52-week phase 3 study examined the long-term safety and efficacy of once-daily oral administration of 1-12 mg evocalcet in SHPT patients undergoing HD. Additionally, patients who were currently receiving cinacalcet were switched to evocalcet so as to accurately reflect the clinical setting.
Methods
Ethics. This study was reviewed and approved by the institutional review board of each participating site (Supplementary Text S1) and conducted in compliance with the Declaration of Helsinki, Good Clinical Practice, and applicable regulations. This study was registered on ClinicalTrials.gov (NCT02549404, 15/09/2015) and JAPIC (JapicCTI-153015, 10/09/2015). All patients provided written informed consent.
Patients. Patients were enrolled according to the following key inclusion criteria: iPTH >240 pg/mL only for patients who had not previously been treated with cinacalcet, or cinacalcet treatment for at least 2 weeks prior to screening; corrected calcium serum levels ≥8.4 mg/dL; provision of written consent; aged ≥20 years at the time of consent; and undergoing thrice-weekly HD for at least 12 weeks prior to screening.
Prior treatment with cinacalcet was permitted until the day before initiation of evocalcet treatment, and no washout period was required, although patients who commenced or had a change in cinacalcet administration 2 weeks prior to screening were excluded. Patients who had previously been treated with cinacalcet were exempt from the iPTH eligibility criterion of >240 pg/mL, but still underwent screening without a washout period to determine evocalcet starting dose.
Patients who received treatment with bisphosphonates, denosumab, or teriparatide within the 24 weeks before the screening; parathyroidectomy within 24 weeks before screening; or peritoneal dialysis within 12 weeks before screening, were excluded. Patients who changed the dose or dosing regimen of an activated vitamin D drug or its derivative, phosphate binder, or calcium preparation from 2 weeks prior to screening were excluded, while patients who changed dialysis conditions (dialysate calcium level, dialyzer, prescribed dialysis time, prescribed frequency of dialysis per week) from 2 weeks prior to screening were also excluded.
Study design.
This was a phase 3, multicenter, open-label, intra-patient dose-adjustment study conducted in 15 participating centers (Supplementary Text S1) in Japan from September 2015 to December 2016. The study design is shown in Fig. 1A . After patients were screened, they were administered evocalcet orally once daily over a treatment period of 52 weeks. The dose-adjustment criteria aimed to maintain an iPTH concentration of 60-240 pg/mL and this was based on the target range proposed by the JSDT (Supplementary Text S2) 15 . The starting dose of evocalcet was nominally set at 1 mg, or 2 mg if patients had an iPTH concentration of ≥500 pg/mL and a corrected serum calcium concentration of ≥9.0 mg/dL at screening, regardless of pre-treatment cinacalcet dose. Treatment with cinacalcet, bisphosphonates, denosumab, or teriparatide; parathyroidectomy; and peritoneal dialysis were prohibited during the study. Changing or beginning an activated vitamin D drug or its derivative, phosphate binder, or calcium preparation was permitted throughout the study period. Further details on study design and exclusion criteria are summarized in Supplementary Text S2.
Biochemical determinations.
All clinical examinations were performed in centralized laboratories at LSI Medience Corporation. iPTH was measured using electro-chemiluminescence immunoassay (ECLusys PTH; Roche Diagnostics K.K., Tokyo, Japan). Intact fibroblast growth factor 23 (FGF23) was measured using enzyme-linked immunosorbent assay (FGF-23 ELISA Kit; KAINOS Laboratories, Inc., Tokyo, Japan).
Safety analysis. Safety was primarily evaluated based on adverse events, adverse drug reactions, clinical laboratory values, vital signs, body weight, body mass index (BMI), 12-lead electrocardiogram (ECG), and ophthalmological examinations. Adverse drug reactions were defined as adverse events that were judged by an investigator to be causally related to evocalcet. Ophthalmological examinations and measurement of 12-lead ECG were performed before the administration of evocalcet and prior to HD at week 0, and then at any time needed thereafter. All other measures were performed before HD and evocalcet treatment after the maximum interdialytic interval. Adverse events and adverse drug reactions were coded by MedDRA ver. 19.0. Decreased adjusted calcium adverse events were reported when corrected serum calcium concentrations were ≤7.5 mg/dL or as judged by an investigator.
Efficacy analysis. The efficacy endpoints included the proportion of patients with an iPTH concentration of 60-240 pg/mL, the percentage change in iPTH concentration from baseline, and the percentage of patients who achieved ≥30% decrease in iPTH concentration from baseline.
The median (interquartile range [IQR]) iPTH (pg/mL), whole PTH (pg/mL), intact FGF23 concentration (pg/mL), and bone turnover markers Requirements for Pharmaceuticals for Human Use guidelines 16 . As a reference, a minimum of 100 patients was required for a 52-week study evaluating the long-term safety of evocalcet. Based on a previous long-term cinacalcet study in Japanese HD patients, a 15% discontinuation rate was calculated, and a target sample size of 120 patients was set 1 . Categorical data were summarized as the frequency and percentage, and continuous data were summarized using descriptive statistics (the number of patients, median, IQR, mean, SD). The efficacy analysis was carried out using the full analysis set (FAS), which included all patients enrolled in the study who were administered evocalcet at least once and had iPTH levels measured at least once after the study began. The safety analysis was carried out using the safety analysis set, which included all patients enrolled in the study who were administered evocalcet at least once.
No statistical adjustment was made to missing data for continuous variables in the efficacy analysis of the present study. Missing data were treated as patients who did not achieve the target iPTH concentration of 60-240 pg/mL and, in order to show robustness, two different versions of the data (with and without missing data) are presented.
Adhoc analyses were conducted to evaluate the efficacy and dose of evocalcet in patients stratified by pre-treatment cinacalcet dose. The changes from baseline in iPTH, whole PTH, intact FGF23 concentration, and bone turnover markers were tested using Wilcoxon signed-rank tests. The percent change from baseline in iPTH and the changes from baseline in corrected serum calcium, ionized calcium, serum phosphorus, and corrected serum calcium-phosphorus concentration were assessed using t-tests. The number of patients who www.nature.com/scientificreports www.nature.com/scientificreports/ achieved target iPTH and patients who achieved a ≥30% decrease in iPTH from baseline were assessed using chi-squared tests.
Results
Patient background. Written informed consent was obtained from 152 Japanese HD patients with SHPT.
Of these, 15 were judged to be ineligible for enrollment, and a total of 137 patients were enrolled in the present study to receive oral administration of evocalcet (Fig. 1B) . The demographics of the enrolled patients are presented in Table 1 . Of the 137 patients, 81 were male and 56 were female with a mean (SD) age of 60.3 (10.3) years. Of the 137 patients enrolled, 24 patients (17.5%) discontinued treatment and 113 patients (82.5%) completed the study up to week 52 (Fig. 1B) . Of the 137 patients participating, evocalcet was taken as prescribed each day (adherence rate) 99.1 ± 2.2% of the time.
Of the 137 patients, 113 patients had the following cinacalcet treatment on the day before beginning evocalcet treatment (day −1): 12.5 mg (n = 11), 25 mg (n = 46), 37.5 mg (n = 4), 50 mg (n = 28), 75 mg (n = 18), and 100 mg (n = 6) cinacalcet. The remaining 24 patients did not receive the study drug on day −1. Concomitant therapy with activated vitamin D, calcium-based phosphate binders and calcium preparation is shown in Table 2 .
Safety analysis. Adverse events occurred in 136 of the 137 patients (99.3%), and those judged to be moderate or severe in severity occurred in 29 patients and 14 patients, respectively ( Table 3 ). The most frequent type of adverse drug reaction was decreased adjusted calcium (7.3%) ( Table 3) . Serious adverse events occurred in 41 patients (29.9%), and the most frequent type was shunt occlusion, which occurred in six patients (4.4%). Adverse drug reactions occurred in 48 patients (35.0%) with serious adverse drug reactions occurring in five patients (3.6%). These serious adverse drug reactions were congestive cardiac failure, cardiomyopathy, cataract, intestinal obstruction, and drug-induced liver injury.
Adverse events and adverse drug reactions that resulted in a study drug dose reduction or withdrawal occurred in 29 (21.2%) and 22 (16.1%) of the 137 patients, respectively. The types of events were decreased adjusted calcium (the most frequent type), occurring in 10 patients (7.3%); decreased blood calcium, in four patients (2.9%); constipation and diarrhea, each in two patients (1.5%); and erosive gastritis, intestinal obstruction, nausea, vomiting, chest discomfort, and decreased blood parathyroid hormone, occurring in one patient each (0.7%).
Upper GI-related adverse events that occurred in ≥5% of patients included nausea (11.7%), abdominal discomfort (8.8%), and vomiting (8.8%) ( Table 3) . Upper GI-related adverse drug reactions that occurred in ≥5% of patients included nausea (5.1%) and abdominal discomfort (5.1%). www.nature.com/scientificreports www.nature.com/scientificreports/ No adverse events resulted in death, and there were no clinically significant changes in the clinical laboratory values, body weight, vital signs, ophthalmological measures, and 12-lead ECG for all patients throughout the 52-week study period.
The incidence of GI-related adverse events did not increase in a dose-dependent manner as the dose was increased from 3 mg to ≥8 mg evocalcet in 1-mg increments (Fig. 2) . No new adverse events were observed with >8 mg evocalcet.
Efficacy analysis.
Of the 137 patients in the FAS, the number (%) of patients achieving an iPTH concentration of 60-240 pg/mL was 56 patients (40.9%) at baseline and 99 patients (72.3%) at week 52 (see Supplementary  Fig. S1 ). When excluding those patients who discontinued the study (n = 24), the proportion of patients that achieved the target iPTH concentration at week 52 was 87.6% (99/113 patients). The target achievement rate also increased in the cinacalcet pre-treatment group from 49.6% (56/113 patients) at baseline to 70.8% (80/113 patients) at week 52 (Table 4) .
The mean percent change (SD) in iPTH concentration from baseline was −15% (82%) at week 52. The number (%) of patients who achieved a decrease in iPTH concentration of ≥30% from baseline was 62 (45.3%). The results of the ad hoc analyses show that, in patients who had not been previously treated with cinacalcet, the percentage change (SD) in iPTH concentration from baseline was −64.9% (17.3%), and the number (%) of patients who achieved a decrease in iPTH concentration of ≥30% from baseline was 19 (79.2%) ( Table 4 ). In patients who had been treated with cinacalcet prior to the study, the iPTH concentration initially increased, then decreased with evocalcet dose adjustment (Fig. 3A) . The number (%) of cinacalcet pre-treated patients who achieved a decrease in iPTH concentration of ≥30% from baseline was 43 (38.1%) ( Table 4) .
The mean (SD) corrected serum calcium concentration was 9.14 (0.57) mg/dL at baseline and 8.90 (0.57) mg/ dL at week 52. Although the serum calcium concentration initially fluctuated, it remained almost unchanged throughout the study (Fig. 3B) . The mean (SD) serum phosphorus concentration was 5.42 (1.21) mg/dL at baseline and 5.12 (1.22) mg/dL at week 52, also remaining almost unchanged throughout the study period (Fig. 3C) .
The mean ionized calcium, corrected serum calcium-phosphorus product levels, and the median intact FGF23 also remained relatively unchanged (Fig. 3D and Table 4 ). The median concentrations of the bone turnover markers BSAP, TRACP-5b, and total P1NP decreased during the study period (Table 4 and Supplementary Figs S2-4) . None of the indices of parathyroid volume showed a large change from baseline to week 52, and the same was true of the blood flow evaluation.
The median (IQR) evocalcet dose of all the patients increased from a baseline dose of 1.0 (0.0) mg to a final dose of 2.0 (4.0) mg with >50% of patients treated with ≤2 mg evocalcet (Fig. 4) . The time courses of changes in evocalcet www.nature.com/scientificreports www.nature.com/scientificreports/ dose when stratified by pre-treatment cinacalcet dose (12.5-25 mg, 37.5-50 mg, and 75-100 mg) are presented in Supplementary Figure S5 . The results of this ad hoc analysis show that the mean (SD) doses at week 51 in each subgroup were 1.7 (1.0) mg, 2.9 (2.6) mg, 4.8 (2.8) mg, 6.2 (3.9) mg, 5.4 (4.4) mg, and 10.3 (2.9) mg, respectively.
When stratified by pre-treatment cinacalcet dose (12.5 mg, 25 mg, 37.5 mg, 50 mg, 75 mg, and 100 mg), the evocalcet doses required to return the mean percent change in iPTH concentration to 0% were 1.09 mg, 1.82 mg, 1.75 mg, 5.52 mg, 4.50 mg, and 10.33 mg, respectively. Therefore, the ratios of pre-treatment cinacalcet dose divided by evocalcet dose were 11.5, 13.8, 21.4, 9.1, 16.7, and 9.7, respectively. Moreover, in the 40 patients who achieved an iPTH concentration of 60-240 pg/mL at both week 0 and 52, the mean ratio was 10.5. These ratios are consistent with a previous clinical trial, which showed that the efficacy of 2 mg evocalcet was nearly equivalent to that of 25 mg cinacalcet (ratio = 12.5) 17 . However, in some patients in the present study, a target iPTH level was only achieved after receiving an escalated evocalcet dose of 12 mg, which means that some patients had a ratio greater than the previously reported 12.5. Incidence of GI-related adverse events and adverse drug reactions stratified by evocalcet dose at the first onset. GI-related adverse events were defined as a combination of nausea, vomiting, abdominal discomfort, decreased appetite, and abdominal distension. Abbreviation: GI, gastrointestinal.
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Discussion
This was the first study to evaluate the long-term efficacy and safety of evocalcet in patients with SHPT undergoing HD, including patients that had switched from cinacalcet. Japanese patients have a longer duration of dialysis compared with patients in the US and EU; therefore, the development of a suitable therapy for Japanese patients Table 4 . Efficacy parameters. Values are shown as n (%), mean ± SD, or median (25 th and 75 th percentiles). *Treatment goal recommended by JSDT: ≥60 pg/mL to ≤240 pg/mL, **Ratio was calculated dividing by n at baseline. † p < 0.05, ‡ p < 0.01. Abbreviations: BSAP, bone-specific alkaline phosphatase; FGF23, fibroblast growth factor 23; iPTH, intact parathyroid hormone; IQR, interquartile range; P1NP, procollagen type 1 intact N-terminal propeptide; PTH, parathyroid hormone; SD, standard deviation; TRACP-5b, tartrate-resistant acid phosphatase 5b. www.nature.com/scientificreports www.nature.com/scientificreports/ with SHPT is needed 18 . Because switching from cinacalcet to evocalcet was unique to the design of the present study, and the safety of evocalcet in Japanese hemodialysis patients with SHPT has been already elucidated in another head-to-head phase 3 study 14 , this discussion focuses on the secondary endpoints of the present study. In this study, the number of patients who reached the target range (iPTH concentration of 60-240 pg/mL) progressively increased with continued administration of evocalcet over the 52-week study period. The majority of patients (82.5%) were switched from cinacalcet to evocalcet; therefore, it was assumed that the baseline parameter values would have been influenced by the prior treatment with cinacalcet. As such, patients pre-treated with cinacalcet had a median iPTH concentration at baseline of 210 pg/mL, whereas in patients who were not pre-treated with cinacalcet, the median iPTH concentration was 386 pg/mL. This indicates that there was some level of improvement already accomplished by cinacalcet prior to this study. However, in patients who had been previously treated with cinacalcet, the iPTH concentration decreased further after switching to evocalcet. As a result, in these patients, the proportion of patients who achieved the target iPTH range increased from 49.6% (56/113 patients) at baseline to 70.8% (80/113 patients) at week 52. In patients who had not been previously treated with cinacalcet, the percentage change in iPTH concentration from baseline was −64.9%, and the number (%) of patients who achieved a decrease in iPTH concentration of ≥30% from baseline was 19 (79.2%). These iPTH target achievement results are comparable to those achieved with other calcimimetic agents 14, [19] [20] [21] [22] [23] . Although iPTH, calcium, and phosphorus levels temporarily increased after switching from cinacalcet, these fluctuations may be attributed to the pre-treatment cinacalcet dose as well as the relatively low evocalcet dose (1 or 2 mg) these patients were initially administered. To evaluate the impact of pre-treatment cinacalcet dose, we performed ad hoc analyses to evaluate the changes in these parameters according to pre-treatment cinacalcet dose. This analysis showed that patients pre-treated with a higher dose of cinacalcet had temporary increases in the efficacy parameters; however, these were then subsequently controlled with evocalcet dose adjustment. Additionally, the doses of activated vitamin D, calcium-based phosphate binders and calcium preparation tended to be increased throughout the study period to recover serum calcium levels that had decreased owing to the dose escalation of evocalcet. Overall, in all patient groups stratified by pre-treatment cinacalcet dose, the target iPTH achievement rate improved.
The data on FGF23, the bone turnover markers, and the results of the parathyroid volume analyses were inconclusive. However, this is believed to be due to the influence of pre-treatment with cinacalcet.
Evocalcet was generally well tolerated at the doses administered in this long-term study, particularly in regards to GI-related adverse events. Furthermore, there were no differences in the safety profiles between patients who were pre-treated with cinacalcet and those patients who were not. Most significant adverse events were deemed to be mild. Serious adverse drug reactions included congestive heart failure and cardiomyopathy; however, these occurred in only one patient each, and they either improved or were resolved with or without treatment. No significant events occurred due to a dose increase in evocalcet, which allows for dose escalation, further improving drug efficacy. Previous treatment with cinacalcet posed no safety concerns for patients in this study, and the incidence rates of adverse events were not affected by patients' history of cinacalcet treatment.
Overall, the present study demonstrated that the safety profile of evocalcet supports the long-term administration with clinically relevant dosages. In some patients, a target iPTH level was only achieved after receiving an escalated evocalcet dose of 12 mg, which corresponds to a ratio that exceeds that of the previously reported 12.5. In these patients, the evocalcet dose was escalated to 12 mg because it was considered that these patients could not increase their pre-treatment cinacalcet dose sufficiently to achieve the necessary target iPTH. Additionally, baseline iPTH levels, intact FGF23 levels, parathyroid gland volume, and pre-treatment cinacalcet dose in these patients were higher than those reported for the overall average. This study is limited by the unknown disease management status or compliance with cinacalcet treatment in those patients who had been treated with cinacalcet prior to the start of this study. Moreover, mineral and bone disorder markers might also be affected by concomitant therapy with activated vitamin D, calcium-based phosphate binders and calcium preparation. This study was also limited by not being placebo controlled, having a small number of patients, the possibility of attrition bias, and including only Japanese patients, which limits the generalizability of the results. 
